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ABSTRACT The behavior of freestanding lipid bilayer membranes under the inﬂuence of dielectric force potentials was
studied by trapping, holding, and rotating individual giant unilamellar vesicles (GUVs) inside dielectrophoretic microﬁeld cages.
Using laser scanning confocal microscopy and three-dimensional image reconstructions of GUVs labeled with ﬂuorescent
membrane probes, ﬁeld strength and frequency-dependent vesicle deformations were observed which are explained by
calculations of the dielectric force potentials inside the cage. Dynamical membrane properties under the inﬂuence of the ﬁeld
cage were studied by ﬂuorescence correlation spectroscopy, circumventing potential artifacts associated with measurements
involving GUV immobilization on support surfaces. Lipid transport could be accelerated markedly by the applied ﬁelds, aided by
hydrodynamic ﬂuid streaming which was also studied by ﬂuorescence correlation spectroscopy.
INTRODUCTION
Spatial heterogeneities in eukaryotic cell membranes have
been implicated in many important biological functions,
such as protein sorting, protein aggregation, signaling, and
membrane fusion (1–3). Studies on model membranes have
been essential in characterizing the phase behavior and
diffusion dynamics of these sphingolipid/cholesterol-rich
lipid domains (reviewed in London (4)), employing diverse
biophysical techniques, including optical and atomic force
microscopy, nuclear magnetic resonance, scanning calorim-
etry, x-ray diffraction, ﬂuorescence quenching, ﬂuorescence
resonance energy transfer, ﬂuorescence correlation spectros-
copy (FCS), and others. FCS is a relatively nonperturbing
spectroscopic technique that analyzes concentration ﬂuctua-
tions of ﬂuorescent probes in an optical observation volume,
thereby directly reporting on the diffusion behavior using
only minimal ﬂuorescent probe concentrations (5,6). It has
been used to characterize the diffusion dynamics and lipid
phase behavior of several cell and model membrane systems
(7–11).
Dielectrophoretic microﬁeld cages are useful tools for
studying electrokinetic properties of membranes, and for
manipulating individual cells and bioparticles (12,13).
Deformation of liposomes in homogeneous ac electric ﬁelds
was studied using a two-electrode arrangement (14), allow-
ing an estimation of elastic membrane properties (15,16).
Field-induced electrorotation of uni- to multilamellar lip-
osomes has been demonstrated to obtain dielectric mem-
brane parameters and to conﬁrm single- and multishell
dielectric models describing the ac electrokinetic behavior
(17).
More recently, octode ﬁeld cages were described for
simultaneous caging and electrorotation, allowing for ligand-
receptor interaction measurements on the single cell level
(18). In combination with optical tweezers, contact-free and
independent manipulation of two objects was demonstrated
and applied to measurements of binding forces and three-
dimensional calibration of the laser tweezer forces (18–20).
The comparatively high electric ﬁelds used in these
studies are accompanied by strong ﬁeld gradients across the
membrane (MV/m) (21), raising questions whether the
mobilities of lipids and other integral or membrane-bound
molecules are affected, possibly even leading to lipid phase
separation. FCS constitutes one potential tool to address
these questions, provided the membrane is stabilized in space
and the electric ﬁeld across the membrane can be controlled.
Because dielectric objects like liposomes experience ponder-
omotive (dielectrophoretic) forces in inhomogeneous electric
ﬁelds, dielectrophoretic ﬁeld cages with three-dimensional
electrode arrangements can be used to produce closed
potential walls, enabling the required deﬁned particle con-
ﬁnement and simultaneous induction of transmembrane
potentials (22,23).
In this study, confocal laser scanning microscopy and FCS
of ﬂuorescent lipid probes was performed on individual giant
unilamellar vesicles (GUVs) while trapped and held inside
an octode dielectrophoretic microﬁeld cage, thereby allow-
ing measurements on lipid diffusion under the inﬂuence of
transmembrane potentials and circumventing potential arti-
facts associated with the immobilization of GUVs on support
surfaces. Field strength and frequency-dependent vesicle
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deformations were observed which are explained by cal-
culations of the dielectric force potential inside the cage. Lipid
transport could be accelerated markedly by the applied ﬁelds,
aided by hydrodynamic ﬂuid streaming which was also
studied by FCS.
MATERIALS AND METHODS
Dielectrophoretic microﬁeld cages (Evotec Technologies, Hamburg,
Germany), controller components, ﬂuid lines, and valves have been
described in detail elsewhere (18). Brieﬂy, the height of the ﬂuidic chamber
was 40 mm, with focusing electrodes upstream which allow for delivery of
GUVs to the ﬁeld cage. A 10-ml syringe (Hamilton, Bonaduz, Switzerland)
was used in combination with a syringe pump (Harvard Apparatus,
Holliston, MA) to provide the vesicle supply. A pump speed of 10 ml/h
was found suitable for this purpose. The distance between opposing
electrodes was also 40 mm. Schemes of the ﬁeld cage with electrode
assignments for the two operating modes (24), referred to as ‘‘ac’’ for object
trapping and ‘‘rot’’ for rotation, are shown in Fig. 1, B and C. GUVs were
stably trapped for several seconds before initiation of imaging or FCS
measurements.
Preparations of ﬂuorescently labeled GUVs, confocal imaging, and three-
dimensional image reconstructions were performed at room temperature
(25C) as described (8), using 104 mol % 1,19-dieicosanyl-3,3,39,39-
tetramethylindocarbocyanine perchlorate (diI-C20:0) as the ﬂuorescent label.
The GUV buffer was 5 mM PIPES (1,4-piperazinediethanesulfonic acid),
pH 7.0, 50 mM KCl, and 1 mM EDTA. Unless noted otherwise, the lipid
composition was 19.9 mol % dilauroyl phosphatidylcholine, 59.6%
dipalmitoyl phosphatidylcholine (DPPC), and 20.5 mol % cholesterol,
expected to yield GUVs of predominantly liquid-ordered (Lo) phase
character (25). Metamorph 5.0 Software (Visitron, Puchheim, Germany)
was used to calculate ﬂuorescence intensities of the membrane from
confocal images.
FCS was performed using the 488-nm line of an argon ion laser,
overﬁlling a 603, 1.2 NA water immersion microscope objective (Olympus
UPlanApo, Melville, NY) on an upright microscope (BX50WI, Olympus)
with combined wideﬁeld imaging and FCS capabilities described in detail
elsewhere (26). All experiments were carried out at room temperature
(25C). An appropriate GUV (;5–25 mm diameter) was ﬁrst trapped by
wideﬁeld illumination using a lens to provide a larger ﬁeld of view. The lens
was then removed to switch to the FCS mode, and the laser focus was
positioned onto the top central membrane region of the GUV using an
intensiﬁed CCD camera (Stanford Photonics, Palo Alto, CA). Excitation
intensities at the sample were kept low at;500 W/cm2 to avoid a signiﬁcant
population of the triplet state. Fluorescence was collected by the same
objective and passed through a dichroic mirror and emission ﬁlter (DCLP
488/NIR5 and HQ580/150, Chroma Technology, Bellows Falls, VT) to
block reﬂected laser light before coupling into a 100-mm-core diameter ﬁber
(OZ Optics, Carp, Ontario, Canada) connected to an avalanche photodiode
(APDs, PE Optoelectronics, Fremont, CA) for autocorrelation recordings
(Flex410R, Correlator.com, Bridgewater, NJ). FCS curves were ﬁt to a
model of two-dimensional diffusion using a least-square ﬁt algorithm
(Origin 6.1, Originlab, Northampton, MA) (8). For FCS studies involving
electrohydrodynamic streaming, a model of three-dimensional diffusion and
unidirectional translational ﬂow was used (27,28).
The ﬁeld cage was tested using 540/560 Fluosphere beads (4 mm,
Molecular Probes, Eugene, OR). One-to-10 microliters of the stock sus-
pension were sonicated in 1 ml of Cytocon buffer IV (Evotec, conductivity
1.4 S/m) for 59 using a bath sonicator. The solution was diluted fourfold in
0.2 mm syringe-ﬁltered Cytocon buffer I (Evotec, conductivity 0.03 S/m).
For FCS measurements investigating hydrodynamic streaming, 100-nm
beads (Molecular Probes 505/515), diluted 1:100 in GUV buffer, were used.
Theoretical
The time-averaged dielectrophoretic force, F~, acting on a spherical dielectric
particle of radius, R, in a temporally periodic electric ﬁeld with radian
frequency v, E ¼ ðE~re1E~imÞejvt , can be expressed using the dipole ap-
proximation as
ÆF~dæav¼2pelR3 Re½ fCM=E~
2
rms1 Im½ fCM=3

E~
im
3E~
re
 
;
(1)
where el and fCM represent absolute permittivity of the liquid and Clausius-
Mossotti-factor for the particle, respectively (for review, see Hughes (29)).
For a homogeneous sphere (index p) suspended in a liquid (index l), it has
been found to be
fCM ¼ s˜p s˜l
s˜p12 s˜l
with
s˜¼s1 ive; (2)
where s represents the conductivity and e the absolute permittivity (29). The
torque is given by
ÆN~æav ¼ 4pelR3 Imð fCMÞE~
im
3E~
re
: (3)
Fig. 1, B and C, show typical surfaces of equal dielectric force potentials
(E2) for ac and rotating octode dielectric ﬁeld cages. Whereas for rotating
mode the cage is closed, ac is open in the above dipole approximation.
FIGURE 1 Dielectrophoretic responses and electrode phase assignments
in microﬁeld cages. (A) Real (d) and imaginary (r) part of the normalized
complex polarizability (Clausius-Mossotti-factor) for GUVs. Since GUVs
are not small compared to cage dimensions, quadrupole contributions are
also shown (index q). GUVs were modeled as shelled spheres with the
following parameters: diameter, 20 mm; shell thickness, 6 nm; shell
permittivity, 8; shell conductivity, 1 mS/m; medium (internal) conductivity,
0.69 S/m (50 mM KCl); and medium permittivity, 78. A typical surface of
constant mean-square electric ﬁeld is shown for (B) ac and (C) rot electrode
assignment modes.
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Higher moments have to be considered if the induced dipole vanishes,
e.g., due to electrode symmetry. For the quadrupole part (index q) of the
dielectrophoretic force, Jones and Washizu found (30)
ÆF~qæav ¼
2
3
pelR
5
Re f
q
CM +
m;n;g
@Em
@n
@
2
E

g
@n@m
e~g
" #
; (4)
with
f
q
CM ¼
s˜p s˜l
2 s˜p13 s˜l
; (5)
and Cartesian unity vectors eg. In the ac electrode assignment mode (Fig. 1
B) and/or at sufﬁciently low or high frequencies, the nonpotential force part
(proportional to the imaginary part of fCM) vanishes (Eqs. 1 and 4, Fig. 1 A).
This results in movement and aggregation of small particles to clusters with
a shape according to the E2 dependence (Fig. 2, C and F). Ideally (dipole
approximation), no rotation is induced for particles trapped in the cage
center. Larger objects surrounded by a membrane, such as cells and GUVs,
are moved and centered inside the cage with an effective complex
admittance, s˜p,
s˜p ¼ s˜m
a
312
s˜i s˜m
s˜i12s˜m
 
a
3 s˜i s˜m
s˜i12s˜m
 
8><
>:
9>=
>;; (6)
with a ¼ R=ðR hÞ and shell (membrane) thickness h. The indices i and m
refer to particle interior and membrane, respectively. Forces are higher at
lower frequencies due to the low conducting membrane (Fig. 1 A). The
dielectric spectra shift to higher frequencies as conductivities rise (not
shown). Higher multipoles show a similar frequency dependency. GUVs are
additionally deformed by the Maxwell tension acting on the membrane that
is also proportional to E2,
T
e
ij ¼ eEiEj0:5e@ijEiEj;with Kronecker symbol;
@ij ¼
1 if i¼ j
0 if i 6¼ j
 
: (7)
Resulting deformations can be calculated analytically, e.g., by minimiz-
ing the total energy (elastic plus electric) only in the simplest cases of
FIGURE 2 Trapping and electrorotation of
GUVs and particles in the dielectric microﬁeld
cage. (A) Confocal image of the equatorial plane of
a single trapped GUV, labeled with diI-C20:0. (B)
Corresponding electrode outline and dielectric
ﬁeld potential in the central horizontal plane in
units of the applied mean-square electric ﬁeld. The
difference between two contour lines corresponds
to 2%. The dielectrophoretic response of latex par-
ticles is shown in C. The second column (D–F)
shows images for rotating mode. The electrode
voltage and frequency assignments were 4.4 Vrms
and 0.75 MHz, respectively. The distance between
opposing electrodes is 40 mm.
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homogeneous external ﬁelds and small deformations of spherical objects
(31,32). For small forces, a linear dependency of deformation (elongation)
on the square of Maxwell tension (square electric ﬁeld) is to be expected,
followed by a nonlinear regime at higher values (33).
Due to the complex electrode geometry and boundary conditions, there is
no generic analytical solution for the electric ﬁeld distribution of the dielec-
trophoretic ﬁeld cages used here. Neglecting for simplicity nonpotential
force contributions, the time-averaged dielectrophoretic force can be written
as sum over the multipole force contributions (n),
F~DP ¼V2rms+
n
~anðx~=dÞðR=dÞ2n11Re½ f nCM
 	
; (8)
with voltage V given as root mean-square value, coordinate x, and dimension
of cage, d. The vector functions an reﬂecting the geometric properties of the
electrode conﬁgurations were determined using a ﬁnite difference method
(Fig. 2, B and E), as described (34).
RESULTS
The octode dielectrophoretic ﬁeld cage allowed for trapping,
holding, and rotating of individual GUVs for long time-
periods (up to several hours). Depending on the electrode
assignments of electric ﬁeld polarity, frequency, and phase
shift, changes in the shape of the trapped GUV could be
induced (Fig. 2). With a phase shift of 0 between the upper
and lower electrode planes (ac-mode), the GUVs were forced
into acquiring a stationary square-shaped equatorial region.
With increasing GUV size, the observed membrane de-
formation was more pronounced (compare, e.g., the lower
middle image of Fig. 4 A with the middle image of Fig. 4 B
obtained under the same trapping conditions), correlatingwell
with the corresponding calculated mean-square electric ﬁeld-
strength proﬁle (dielectric pressure) (Fig. 2 B, Eq. 1). The
proﬁle was also conﬁrmed by caging of latex beads (Fig. 2C).
A phase shift of 180 between both electrode planes (rot-
mode) induced the rotation of the caged GUV around the
optical axis of up to several Hz (Fig. 2 D). Ideally, no rotation
is induced in ﬁeld cages in rotation mode for objects trapped
in the central horizontal plane (20). However, GUVs are not
small compared to the electrode distance, leading to higher
order multipole contributions (Fig. 1 A), resulting in similar
electrorotational behavior as dipoles (17). The corresponding
model calculation and bead experiment is shown for com-
parison in Fig. 2, E and F, demonstrating similar agreement
with the theoretical understanding of the ﬁeld cage in this
regime.
Three-dimensional image reconstructions from confocal
z-sections were generated to visualize the overall shape of
the deformed trapped GUVs (Fig. 3). For the same ﬁeld
conditions, some heterogeneity in the degree of deformation
was observed, most likely reﬂecting effects related to the size
of the vesicle being exposed to different electric force
potential shells, and compositional heterogeneities of in-
dividual GUVs in a given sample (35). For most GUVs, the
pronounced square shape extended throughout most of the
axial direction of the vesicle, ending with a relatively ﬂat top
and bottom membrane (Fig. 3 A, side view). These three-
FIGURE 3 Three-dimensional image reconstructions of GUVs trapped
and deformed in octode ﬁeld cages. In each panel, the left image shows
a confocal micrograph of the equatorial region, the central image shows the
top-view projection of the upper half of the GUV, and the right image a side-
view projection. GUVs shown in E and Fwere made from DPPC only. Field
conditions were (A, B, E, and G) 1.8 Vrms, 0.187 MHz; (C) 2.5 Vrms, 0.75
MHz; (F) 4.4 Vrms, 0.187 MHz, all ac-mode; and (D) 2.5 Vrms, 0.187 MHz,
rot-mode.
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dimensional shapes correlate well with the calculated mean-
square electric ﬁeld (Fig. 1 B), with its open top and bottom
surfaces closed by the stretchedmembrane. In some cases, the
ﬁeld-induced elongation of larger GUVs enhanced the ﬂat top
and bottom by contact with the upper and lower channel walls
onto which the membrane was pressing. This was observed
for ac-driving mode of the cage in accordance with numerical
calculations shown Fig. 1 B. These cases were excluded from
diffusion analysis (see below) to avoid potential artifacts from
membrane/channel wall interactions. In some vesicles where
the square was less pronounced, a more or less elliptical
overall shape was observed throughout the axial direction
(Fig. 3B). By increasing the frequency (Fig. 1A), forces could
be reduced to allow trapping of GUVs inside the cage without
inducing any perceptible shape change (see Fig. 3C; the same
can be obtained at low enough voltages).
A compression of the vesicle in the axial direction is in-
duced in the rotation mode (Fig. 3 D, side view), as expected
from the simulation results (Fig. 1 C) (24). Although the
overall GUV shape remained relatively constant during rota-
tion, movement of membrane-associated small particulate
material, visible as streaks in the confocal image, revealed
the rotation of the entire vesicle around its axis.
GUVs with a high DPPC content required stronger ﬁelds
for the same degree of deformation, consistent with a much
higher membrane stiffness of the spatially ordered phase (36)
(Fig. 3 E). Upon increasing the electric ﬁeld strength, lipid
material could not ﬂow quickly enough to accommodate the
shape of the dielectric force potential, so that rippling, and
even breakage, of the vesicle occurred (Fig. 3 F)—reﬂecting
a preference of this phase to bend into shapes with zero
Gauss curvature (37).
A surprising example of the dependence of membrane
deformation on composition is shown in Fig. 3 G, showing
large differences in ﬁeld-induced deformations for two
concentric GUVs simultaneously present inside the cage.
Because the dielectric ﬁeld potentials predict a stronger de-
formation for larger vesicles, a compositional variability and
higher membrane stiffness of the outer GUV could explain
this observation.
A signiﬁcant variation in the brightness of diI-C20:0 can be
discerned by comparing Fig. 2, A and D. The dye response to
different ﬁeld cage conditions was studied on individual
GUVs while trapped inside the cage. The brightness of diI
increased markedly (up to ;2.5-fold above 3 V) with
increasing electric ﬁeld strength (Fig. 4 A), but only slightly
with frequency (Fig. 4 B). It was fully reversible (Fig. 4 A,
last image) and essentially instantaneous relative to the
acquisition rate of the confocal microscope (;1 s).
Confocal images of caged GUVs (Figs. 2 and 4) display
streaming of small particulate material which appears as
streaks because of the laser scanning image acquisition.
Although ﬂuid velocity information can be obtained from
these streaks, FCS measurements were carried out because
they allow determinations of both bulk ﬂuid ﬂow (see below)
and whether ﬂuid transport inﬂuences diffusion properties in
the membrane. FCS measurements were carried out on the
top membrane surface, analogous to previously described
FCS measurements of lipid probes in GUVs resting on a
coverslip (8,9). A pronounced acceleration of molecular
transport of diI-C20:0 was observed upon application of the
electric ﬁeld to trap the GUV (Fig. 5 A). Lipid transport was
approximately twofold larger at voltages of 0.6–3 Vrms and
remained fairly constant over this range (Fig. 5 B). Higher
ﬁelds increased lipid transport more steeply, so that the
translational velocities were over two orders-of-magnitude
higher at ;4.4 Vrms compared to the absence of a ﬁeld.
Electrohydrodynamically induced streaming as a function
of position in the octode ﬁeld cage was studied further by
carrying out FCS measurements using ﬂuorescent latex
beads (Fig. 6). A timelapse microscopy video series of this
effect is provided in the Supplementary Material. Both the
position and the ionic strength had a large effect on the
magnitude of hydrodynamic streaming. The effect was more
pronounced between electrodes, compared with the center of
the device, with maximum streaming velocities reaching
;0.5 mm/s. Reduction in the ionic strength (;fourfold)
resulted in signiﬁcantly weaker streaming so that cage-
induced ﬂuid transport in the center was minor under these
conditions, up to 7 Vrms (Fig. 6 D). The ﬁeld dependencies
(Fig. 6 E) are qualitatively similar to the observed lipid probe
transport dependence in the membrane (Fig. 5 B), suggesting
that ﬂuid ﬂow provides the main contribution to the in-
creased membrane mobilities.
FIGURE 4 Voltage- and frequency-dependence on vesicle shape and
brightness of diI-C20:0 in octopole ﬁeld-cage trapped GUVs (ac-mode). (A)
Voltage series at constant frequency of 0.75 MHz. The value of 1.8 Vrms is
shown twice to demonstrate the reversibility of the ﬂuorescence brightness
change. (B) Frequency dependence at a constant voltage of 4.4 Vrms. The
average membrane ﬂuorescence intensity per pixel, measured across the
entire membrane circumference, is given on the top right of each image as
an 8-bit gray value.
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DISCUSSION
The demonstration of trapping, deformation, and rotation of
individual GUVs using octode dielectrophoretic microﬁeld
cages provides a valuable tool to study membranes under
the controlled inﬂuence of an external electric ﬁeld. The
forces induced by the dielectric ﬁeld cage are well-known
and can be used for contact-free measurements of important
parameters, such as membrane ﬂuidity, bending moduli, and
lipid phase dynamics (35). We show that the induced
deformations correspond well with calculated electric ﬁeld
proﬁles in the cage, and that they depend on the size and
composition of the GUVs. The study of ﬁeld-induced
changes in lipid diffusion relaxation rates (analogous to
laser trap effects; see Kunst et al. (38)), possibly leading to
phase separations, or dielectric characterization of mem-
brane-bound molecules (39), is therefore possible.
A functional dependence of indocarbocyanine dye
ﬂuorescence on the transmembrane potential has been ob-
served previously (40,41). It has also been reported that diI
can respond rapidly (microsecond range) to pulsed electric
ﬁelds (42,43). We present data in support of similar re-
sponses using high frequency oscillating electric ﬁelds.
Because all measurements can be carried out on a single
vesicle, dye concentration variations in different vesicles can
be excluded to explain this dependence. Further studies are
required to elucidate the mechanism of this brightness change.
Toward this end, signals other than ﬂuorescence could be
utilized; for example, second harmonic generation for the
deduction of membrane potentials or probe tilting angles in
the membrane as a function of electric ﬁeld strength (44).
The combination with simultaneous imaging and FCS is
attractive for measurements of ﬁeld-induced membrane mor-
phology and diffusion dynamics of vesicles and cells sus-
pended in solution, thereby ruling out potential artifacts
arising from contact with detection probes or support sur-
faces. It should also be amenable to temperature control
integration for the analysis of ﬁeld-dependent temperature
effects on membrane ﬂuidity and phase behavior (45,46). As
conductive media were used in these experiments, the tem-
perature rise caused by electric heating has to be considered.
The temperature increase in these dielectric ﬁeld cages has
been found to be approximately (47)
DT
K
¼ 4s
S=m
Vrms
V
 2
: (9)
Here, s and Vrms represent liquid conductivity and applied
voltage, respectively. Due to the small cage dimensions
thermal relaxation time is1 s (47). FCSmeasurements were
done under thermal steady state conditions exceeding these
timescales (see Materials and Methods). According to Fig. 4,
higher voltages yield higher ﬂuorescence intensities. Since
quantum yield is expected to decrease with rising temperature
(48), an indirect temperature effect ismore likely. For a typical
voltage of 2.5 Vrms and a conductivity of 0.65 S/m (50 mM)
used in the experiments described above, Eq. 7 predicts a
temperature increase of;10 K, large enough to trigger phase
transitions depending on the lipid composition. Temperature
effects could therefore contribute to the observed brightness
dependence of diI, a probe that is sensitive to the lipid phase
type (G. Feigenson, Cornell University, personal communi-
cation), on the electric ﬁeld conditions.
Lipid transport was accelerated drastically in the dielec-
trophoretic ﬁeld cage, in this study by almost two orders of
magnitude depending on the ﬁeld and frequency conditions.
Therefore, care has to be taken when working with cells or
studying membrane properties which would be negatively
affected by such changes. Conversely, it could advanta-
geously be used to study effects of increased diffusional
mixing ofmembrane compartments, or even to trigger cellular
events.
FIGURE 5 FCS on GUVs trapped in octode ﬁeld cages. (A) FCS curves
of diI-C20:0 in the absence (solid line) and presence (dashed line) of an
electric ﬁeld in the cage (3.5 Vrms, 2.9 MHz, ac-mode). (B) Diffusion
coefﬁcients as a function of electric ﬁeld, determined from ﬁts to FCS curves
as shown in A to a model of two-dimensional translational diffusion. The 0 V
data point was measured on the GUV after it had settled to the bottom wall of
the chamber. The error on the determined diffusion coefﬁcients was ;20%.
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Field-cage-induced ﬂuid ﬂow is the likely reason for lipid
transport acceleration, which was found to be a function of
ﬁeld strength, frequency, position inside the cage, and buffer
composition. Thus, hydrodynamic streaming has to be
investigated inmore detail tominimize its effects if undesired,
and to increase vesicle stability for long-term FCS measure-
ments. The dominant factor for streaming is caused by
electrohydrodynamic pumping (49). As a function of ﬁeld
frequency, ideally no electrohydrodynamic pumping occurs
at (50)
f0 ¼ 1
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s
2e
j@s=@Tj
j@e=@Tj
s
: (10)
For aqueous solutions, f0 is ;0.5s/e, resulting in much
higher frequencies than experimentally accessible with the
setup used (230 MHz at a conductivity of 0.16 S/m and 930
MHz for 0.65 S/m, respectively). Even if such high fre-
quencies could be obtained, trapping would be hampered by
the small dielectrophoretic responses under these conditions
(Fig. 1 A). Lower conductivities should therefore be utilized
in applications where electrohydrodynamic streaming is un-
desired (Fig. 6).
CONCLUSIONS
We present the use of dielectrophoretic ﬁeld cages for the
contact-free characterization of lipid bilayer membrane
properties under the inﬂuence of high-frequency electric
ﬁelds. Using individual GUVs trapped inside the cage, we
observe size- and lipid composition-dependent membrane
deformations which are in agreement with calculated electric
ﬁeld proﬁles. Changes in membrane shapes, phase behavior,
or membrane potential could be measured using GUVs as
a model system for cellular applications. The system is
amenable to automation, and would therefore be compatible
with medium- to high-throughput screening of compounds
that alter membrane properties (51).
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